Abstract In this letter we present an explicit protocol B 2 for faithfully teleporting an arbitrary 2-qubit state with a class of 4-qubit entangled states. We construct these states in a way different from that of Yeo and Chua [Phys. Rev. Lett. 94, 060502 (2006)]. We will show that the genuine states presented by Yeo and Chua are only a subset of our entangled states. The generalizations of the protocol B 2 to general protocols B n and D n , i.e., teleporting an arbitrary n-qubit or n-qudit state by using the genuine 2n-qubit or 2n-qudit entangled states we construct, are also sketched.
where α and β are complex. Alice and a remote Bob share an EPR pair (a, b), say, in the state
This teleportaion between Alice and Bob can be seen intuitively from the following equation,
where |Ψ i ab = σ (i) b |Ψ 0 ab , σ (0) = |1 1| + |0 0|, σ (1) = |0 1| + |1 0|, σ (2) = |0 1| − |1 0| and σ (3) = |1 1| − |0 0|. Bennett et al's work showed in essence the interchangeability of different quantum resources [2] .
The teleportation of multi-qubit teleportation has been extensively studied by Lee et al [3] and Yang et al [4] . Suppose that the arbitrary n(n ≥ 2)-qubit state Alice wants to teleport to Bob is written as . . . 
where C's are complex coefficients and |ξ x1x2...xn is assumed to be normalized. Alice and Bob share in advance N same Bell states, say, |Ψ 0 anbn ⊗ · · · ⊗ |Ψ 0 a2b2 ⊗ |Ψ 0 a1b1 . The n qubits a 1 , a 2 , · · ·, a n−1 and a n in Alice's site. The n qubits b 1 , b 2 , · · ·, b n−1 and b n in Bob's site are used to "receive" the teleported state from Alice. Hence, the initial joint state is |Λ x1x2...xn ⊗ |Ψ 0 anbn ⊗ . . . ⊗ |Ψ 0 a2b2 ⊗ |Ψ 0 a1b1 .
It can be rewritten as [5] 
|Ψ in anxn |Ψ in−1 an−1xn−1 · · · |Ψ i1 a1x1 U inin−1···i1;bnbn−1···b2b1 |Λ b1b2···bn−1bn .
If Alice performs n Bell-state measurements on the qubit pairs (a n , x n ), . . . , (a 1 , x 1 ) and publishes a 2n-bit classical message corresponding to her measurement outcomes on the qubit pairs, then conditioned on Alice's information, Bob can recover the arbitrary state |Λ by performing at most 2n single-qubit operations. In the case of n = 2, to be expicit, the equation (4) is
Recently, Rigolin [6] has proposed a protocol for teleporting an arbitrary two-qubit state with a fourparticle generalized Bell state as a genuine quantum teleportation channel and a four-particle joint measurement. However, the multipartite state in the Rigolin's protocol is just a tensor product state of two Bell states in essence, not a genuine multipartite entangled state [7] . As a consequence, the Rigolins protocol [6] is equivalent to the Yang-Guo protocol [4] for teleporting an arbitrary multipartite state in principle.
Very recently, Yeo and Chua [8] have presented an explicit protocol E 0 for faithfully teleporting an arbitray two-qubit state via a four-qubit entangled state they constructed. They think it is an important consideration because the four-qubit entangled state, in addition to two Bell states, could be a likely candidate for the genuine four-partite analogue to a Bell state. In this letter we will present an explicit protocol B 2 for faithfully teleporting an arbitrary 2-qubit state with a class of 4-qubit entangled states we construct in a different way. The genuine states presented by Yeo and Chua are only a subset of our entangled states. Moreover, the generalizations of the protocol B 2 to general protocols B n and D n , i.e., teleporting an arbitrary n-qubit or n-qudit state by using the genuine 2n-qubit or 2n-qudit entangled states we construct, are also sketched.
Now let us present an explicit protocol B 2 for faithfully teleporting an arbitrary 2-qubit state with a class of 4-qubit entangled states we construct.
The four-qubit P -state set
B2 |Ψ 0 A1B1 |Ψ 0 A2B2 ; i x {0, 1, 2, 3}} forms a complete orthonormal basis set in 16-dimensional Hilbert space of 4 qubits. The 4-qubit Q-state set {|Q i1i2 A1B1A2B2 = U A1A2 |P i1i2 A1B1A2B2 ; i x ∈ {0, 1, 2, 3}} is another complete orthonormal basis set for 4 qubits, where U A1A2 is a unitary operator acting on the qubits A 1 and A 2 .
Consider the following scenario. Suppose Alice has 2 qubits X 1 and X 2 in the state
Alice wants to teleport this state to Bob. Alice and Bob share in prior the state |Q 00 A1B1A2B2 . Here, Alice has the two qubits A 1 and A 2 while Bob the two qubits B 1 and B 2 . In this case, the joint state of Alice's and Bob's all qubits is
Alice performs the Q-state projective measurement on her qubits X 1 , X 2 , A 1 , A 2 , then the initial state collapses to
This means that if Alice gets the state |Q i1i2 A1X1A2X2 via her measurement, then the state of Bob's qubits B 1 and B 2 collapses to the state σ
B2 |Λ B1B2 . In this case, if Alice tells Bob her results (i.e., (i 1 i 2 ) correspond to 4 bits) via public channel, then Bob can recover the state |Λ in his qubits B 1 and B 2 by performing the local unitary operations σ
B2 . In fact, other Q states in addition to |Q 00 can be also used as the faithful teleportation quantum channel. As one can easily see.
Since the quantum channel linking Alice and Bob is the state |Q ij A1B1A2B2 and it can be equivalently written in the form of U A1A2 |Ψ i A1B1 |Ψ j A2B2 , now let us discuss the states |Q ij A1B1A2B2 in terms of the property of U A1A2 . In the case of U A1A2 = u
A2 , the Q states correspond to
where
As a consequence, the equation (10) is changed into
This means that in this case our protocol B 2 is reduced to the protocols in Refs.3 and 4 in principle. That is to say, the state |Q 00 A1B1A2B2 = U A1A2 |Ψ 0 A1B1 |Ψ 0 A2B2 is not a four-qubit genuine state but a pair of Bell states in this case of
A2 . Therefore, the state is not what we want. However, in the case of U A1A2 = u
A2 , the four-qubit state |Q ij A1B1A2B2 can not be reduced to a pair of Bell states anymore. More importantly, these states can also be used to faithfully teleport an arbitrary 2-qubit state and according are what we want. Hence, in the case of U A1A2 = u
A2 , the state |Q 00 , in addition to |Ψ 0 ⊗ |Ψ 0 , could be a likely candidate for the genuine four-partite analogue to |Ψ 0 . Since Yeo and Chua have presented a genuine four-partite analogue to |Ψ 0 , now let us discuss and reveal the relation between our four-qubit state and that presented by Yeo and Chua [8] . Consider the specific unitary operation U ′ = cos θ 12 |00 00| + sin θ 12 |11 00| − sin θ 12 |00 11| + cos θ 12 |11 11|
− sin φ 12 |01 01| + cos φ 12 |10 01| + cos φ 12 |01 10| + sin φ 12 |10 10|.
One can see that
The present equation (15) [8] is only a subset of our four-qubit entangled states. Now let us generalize our protocol B 2 to a general protocol B n , where the state Alice wants to teleport is an arbitrary n-qubit state. The 2n-qubit state set {|P i1i2···in A1B1A2B2···AnBn = σ
Bn |Ψ 0 A1B1 |Ψ 0 A2B2 · · · |Ψ 0 AnBn ; i x {0, 1, 2, 3}} is a complete orthonormal basis set in 2 2n dimensional Hilbert space for 2n qubits. The 2n-qubit state set {|Q i1i2···in A1B1A2B2···AnBn = U A1A2···An |P i1i2···in A1B1A2B2···AnBn ; i x {0, 1, 2, 3}} is another complete orthonormal basis set for 2n qubits,
where U A1A2···An is a unitary operator acting on the n qubits A 1 , A 2 , · · · , A n .
Suppose Alice has n qubits X 1 , X 2 , · · · , X n . The state of these qubits is
Moreover, Alice and Bob share the state |Q 00···0 A1B1A2B2···AnBn = U A1A2···An |P 00···0 A1B1A2B2···AnBn . Here, Alice has the n qubits A 1 , A 2 , · · · , A n while Bob the n qubits B 1 , B 2 , · · · , B n . Suppose U A1A2···An can not be decomposed into n local unitary operations u
An acting on the n qubits A 1 , A 2 , · · · , A n , respectively. That is, U A1A2···An = u
An , where u (i) (i = 1, 2, · · · , n) is a unitary operation acting on a qubit. This means that U A1A2···An is a global unitary operation. Since U A1A2···An is a global unitary operation and can not be decomposed into n local unitary operations u
An acting on the n qubits A 1 , A 2 , · · · , A n , respectively, the state |Q 00···0 A1B1A2B2···AnBn can not be decomposed as the product state of n Bell states.
Alice wants to teleport the state |Λ in her n qubits X 1 , X 2 , · · · , X n to Bob's n qubits B 1 , B 2 , · · · , B n . The state of the 3n qubits
Alice performs the Q-state projective measurement on the qubits
This means that if Alice gets the state |Q i1i2···in A1X1A2X2···AnXn via her measurement, then the state of Bob's n qubits B 1 , B 2 , · · · , B n collapses to σ
Bn |Λ B1B2···Bn . In this case, if Alice tells Bob her results (i.e., (i 1 i 2 · · · i n ) correspond to 2n bits) via public channel, then Bob can recover the state |Λ in his n qubits B 1 , B 2 , · · · , B n by performing the local unitary operations σ
Bn . This indicates that the |Q 00···0 A1B1A2B2···AnBn different from the product state of n Bell states is also a candidates for teleporting an arbitrary n-qubit state. Now let us show our general protocol D n , where the state Alice wants to teleport is an arbitrary n-qudit state.
The 2n-qudit state set {Θ k1l1k2l2···knln A1B1A2B2···AnBn = σ
|Φ 00 A1B1 |Φ 00 A2B2 · · · |Φ 00 AnBn ; k x , l x ∈ {0, 1, · · · d}} is a complete orthonormal basis set in d 2n dimensional Hilbert space for 2n qudits, where
The 2n-qudit state set {|Ξ k1l1k2l2···knln A1B1A2B2···AnBn = U A1A2···An Θ k1l1k2l2···knln A1B1A2B2···AnBn ; k x , l x ∈ {0, 1, · · · d}} is another complete orthonormal basis set for 2n qudits, where U A1A2···An is a unitary operator acting on the n qudits A 1 , A 2 , · · · , A n . Suppose Alice has n qudits X 1 , X 2 , · · · , X n in the state of
Moreover, Alice and Bob share the state |Ξ 00···0 A1B1A2B2···AnBn = U A1A2···An |P 00···0 A1B1A2B2···AnBn .
Here, Alice has the n qudits A 1 , A 2 , · · · , A n while Bob the n qudits B 1 , B 2 , · · · , B n . Suppose U A1A2···An can not be decomposed into n local unitary operations u
An acting on the n qudits A 1 , A 2 , · · · , A n , respectively. That is, U A1A2···An = u
acting on a qudit. This means that U A1A2···An is a global unitary operation. Since U A1A2···An is a global unitary operation and can not be decomposed into n local unitary operations u
An acting on the n qubits A 1 , A 2 , · · · , A n , respectively, the state |Q 00···0 A1B1A2B2···AnBn can not be decomposed as the product state of n d−dimensional Bell states. Here the d-dimensional Bell states are defined as
Alice wants to teleport the state |Λ in her n qudits X 1 , X 2 , · · · , X n to Bob's n qudits B 1 , B 2 , · · · , B n . The state of the 3n qudits
Alice performs the Ξ-state projective measurement on the qubits X 1 , X 2 , · · · , X n , A 1 , A 2 , · · · , A n in her site,
This means that if Alice gets the state |Q k1l1k2l2···knln A1X1A2X2···AnXn via her measurement, then the state of Bob's n qudits B 1 , B 2 , · · · , B n collapses to σ
In this case, if Alice tells
Bob her results (i.e., (k 1 l 1 k 2 l 2 · · · k n l n ) correspond to 2n dits) via public channel, then Bob can recover the state |Λ in his n qudits B 1 , B 2 , · · · , B n by performing the local unitary operations σ
. This indicates that the |Ξ 00···0 A1B1A2B2···AnBn different from the product state of n d-dimensional Bell states is also a candidates for teleporting an arbitrary n-qudit state. Now let us consider another protocol B ′ n , where the state Alice wants to teleport is an arbitrary n-qubit state.
The 2n-qubit state set {|Q
= U A1A2···An ⊗ V B1B2···Bn |P i1i2···in A1B1A2B2···AnBn ; i x {0, 1, 2, 3}} is another complete orthonormal basis set for 2n qubits, where V B1B2···Bn is a unitary operator acting on the n qubits B 1 , B 2 , · · · , B n .
Suppose Alice and Bob share the state |Q ′ 00···0 A1B1A2B2···AnBn . Here, Alice has the n qubits A 1 , A 2 , · · · , A n while Bob the n qubits B 1 , B 2 , · · · , B n . Suppose U A1A2···An can not be decomposed into n local unitary operations u
An acting on the n qubits A 1 , A 2 , · · · , A n , respectively. That is,
An , where u (i) (i = 1, 2, · · · , n) is a unitary operation acting on a qubit.
This means that U A1A2···An is a global unitary operation. The state |Q 00···0 A1B1A2B2···AnBn can not be decomposed as the product state of n Bell states. Alice wants to teleport the state |Λ in her n qubits X 1 , X 2 , · · · , X n to Bob's n qubits B 1 , B 2 , · · · , B n .
The state of the 3n qubits
Bob performs the unitary V † B1B2···Bn on his qubits B 1 , B 2 , · · · , B n , the system's state evolves to
Alice performs the Q-state projective measurement on the qubits X 1 , X 2 , · · · , X n , A 1 , A 2 , · · · , A n in her site,
This means that if Alice gets the state |Q i1i2···in A1X1A2X2···AnXn via her measurement, then the state of Bob's n qubits B 1 , B 2 , · · · , B n collapses to σ Bn . This indicates that the |Q 00···0 A1B1A2B2···AnBn different from the product state of n Bell states is also a candidates for teleporting an arbitrary n-qubit state. Similarly, this can be easily extended to the d-dimension case.
In summary, we have presented an explicit protocol B 2 for faithfully teleporting an arbitrary 2-qubit state with a class of 4-qubit entangled states we constructed. These states can not be reduced to the tensor product state of n Bell states. We have shown that the genuine states presented by Yeo and Chua [8] are only a subset of our entangled states. The generalizations of the protocol B 2 to general protocols B n and D n , i.e., teleporting an arbitrary n-qubit or n-qudit state by using the genuine 2n-qubit or 2n-qudit entangled states we construct, are also sketched.
